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Edited by Robert BaroukiAbstract The Caenorhabditis elegans PMR1, a P-type Ca2+/
Mn2+ ATPase, is expressed in hypodermal seam cells, intestinal
cells and spermatheca; localized in Golgi complex. Knock down
of pmr-1 as well as overexpression of truncated Caenorhabditis
elegans PMR1, which mimics dominant mutations observed in
human Hailey–Hailey disease, renders the worm highly sensitive
to EGTA and Mn2+. Interestingly, pmr-1 knock down not only
causes animals to become resistant to oxidative stress but also
suppresses high reactive oxygen species sensitivity of smf-3
RNA-mediated interference and daf-16 worms. These ﬁndings
suggest that C. elegans PMR1 has important roles in Ca2+
and Mn2+ homeostasis and oxidative stress response.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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PMR1, a P-type ATPase that maintains Ca2+ and Mn2+
homeostasis, has been initially identiﬁed in Saccharomyces
cerevisiae [1]. In yeast, PMR1 pumps cytosolic Ca2+ and
Mn2+ into the Golgi apparatus and is required for glycosyla-
tion, protein sorting and ER-associated protein degradation
in the secretory pathway [2,3]. Yeast PMR1 deletion mutants
are hypersensitive to EGTA and excess MnCl2 and cannot
grow on media containing either low Ca2+ concentration or
high Mn2+ concentration. PMR1 appears to be the principal
route for detoxiﬁcation of cells overloaded with Mn2+, via
the secretory pathway in yeast. Since its initial discovery in
yeast, homologues from other organisms have been annotated.
In humans, mutations in one of the PMR1 orthologues,
ATP2C1, cause Hailey–Hailey disease (HHD; MIM16960).
HHD is an autosomal dominant skin disease, clinically pre-
sented with painful erosions and persistent blisters [4]. Despite
the association of malfunctioning of ATP2C1 with HHD, in
vivo role(s) of PMR1 have not been investigated in multicellu-
lar organisms.
The Caenorhabditis elegans PMR1 (CePMR-1) transports
Ca2+ and Mn2+ into Golgi apparatus when heterologously ex-*Corresponding author. Fax: +82 62 970 2484.
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doi:10.1016/j.febslet.2004.12.032pressed in COS-1 cells [6]. Here, we describe the functional
characterization of CePMR-1.2. Materials and methods
2.1. C. elegans strains and clones
Strains [N2, daf-16 (m26)I, and daf-2 (e1370)III] were obtained from
the C. elegans Genetics Center (CGC) at the University of Minnesota,
USA. Cosmids, CEZK256 and CECC4, were obtained from A. Coul-
son at the Sanger Center, UK and yk cDNA clones from Y. Kohara at
the NIG, Japan.
2.2. Plasmids
About 3 kb DNA fragments containing 5 0 upstream region of the
pmr-1 were ampliﬁed by PCR using the cosmid CECC4 as a template
and cloned into pPD95.75 to generate pPMR pro::gfp. Full length
cDNA of the pmr-1 was ampliﬁed by PCR using the yk218a11 as a
template and subcloned into pPMR pro::gfp to obtain pPMR pro &
cDNA::gfp.As a Golgi marker, the short region of mannosidase II
homologue, F58H1.1 [7], was fused with DsRed under control of the
pmr-1 promoter. The coding regions corresponding to amino acids
1–455 and 1–660 were ampliﬁed separately by PCR using the
yk218a11 as a template and subcloned into pPMR pro::gfp to con-
struct the CePMR-1-Ko and the CePMR-1-Go, respectively. Microin-
jection was carried out as described by Mello and Fire [8].
2.3. In vitro transcription and RNA-mediated interference
Approximately 1.2 kb of HindIII–XhoI fragment from the yk218a11
and 700 bp of NcoI–NheI fragment from the yk397h3 were direction-
ally cloned into the pPD129.36. These plasmids and pPD128.110 con-
taining GFP coding region were used as a template for generating
double stranded RNA by T7 RiboMAX Express RNA-mediated inter-
ference (RNAi) System (Promega).
2.4. Analysis of phenotypes
Phenotypes of survival rate, motility, growth rate, and brood size
were observed and scored. To examine sensitivity to EGTA, MnCl2
and paraquat, young adults were transferred from normal nematode
growth media (NGM) plates into three diﬀerent plates each containing
20 mM EGTA, 20 mM MnCl2, and 2 mM paraquat. Worms were
incubated at 20 C, and the number of dead animal was counted by
observing the cease of movement and pharyngeal pumping. Lifespan
was measured as described by Hsin and Kenyon [9].3. Results and discussion
3.1. Expression pattern of C. elegans PMR-1
We examined the spatial and temporal expression patterns
of the pmr-1 gene in C. elegans. Transgenic worms containing
the pmr-1::gfp construct showed GFP expression beginning as
early as 3-fold stage and continued to be expressed throughout
larval and adult stages (Fig. 1C–E). Expression was spatially
conﬁned to hypodermal seam cells (Fig. 1E, arrow; F),blished by Elsevier B.V. All rights reserved.
Fig. 1. GFP expression under the control of the pmr-1 promoter. A
schematic diagram showing the genomic region corresponding to the
pmr-1 (A). Schematic diagrams of pPMR pro::gfp and pPMR pro &
cDNA::gfp (see Section 2) (B). Worms shown in panels C to H and I to
N were microinjected with pPMR pro::gfp and pPMR pro &
cDNA::gfp, respectively. Complete abolishment of GFP signal was
observed after pmr-1 RNAi treatment to transgenic worms harboring
pPMR pro & cDNA::gfp (K). The appearance of green color is due to
the autoﬂuorescence of gut granules. Transgenic worms expressing
part of mannosidase II fused with DsRed (M). The merged image (N)
illustrates the superimposable localization of CePMR-1 and mannos-
idase II (F58H1.1). Cyan colored spot is nucleus as visualized by DAPI
staining (shown by arrowhead, N). Bars indicate 50 lm except L, M,
and N.
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open arrow; H). When we injected another construct, pPMR
pro & cDNA::gfp (Fig. 1A), transgenic worm showed essen-
tially the same expression pattern, but diﬀerent subcellular
localization. The GFP was found to be highly diﬀused in the
worms harboring pPMR pro::gfp (Fig. 1C–H), but in worms
expressing pPMR pro & cDNA::gfp, GFP appeared to be
punctated and was conﬁned to cytosolic region (Fig. 1I and
J, arrowhead). This diﬀerence is likely to reﬂect the diﬀerences
in the sub-cellular localization. In yeast, PMR1 has been
shown to localize in the Golgi apparatus. Ton et al. [10] con-
ﬁrmed that human PMR1 homologue, hSPCA1, is also local-
ized to the Golgi in COS cells. To compare the subcellular
localization of CePMR-1 with the known Golgi localization
marker, we injected pPMR pro::manII DsRed into the trans-
genic worm already expressing CePMR-1::GFP fusion protein.
The pPMR pro::manII DsRed, which encodes a part of alpha
mannosidase II (a Golgi resident protein) [7], was expressed
under the control of pmr-1 promoter. As shown in Fig. 1L,M, and N, the localization of CePMR-1 is completely superim-
posable with that of mannosidase, conﬁrming the localization
of CePMR-1 at Golgi apparatus. We observed similar pattern
in intestine and spermatheca (data not shown). Taken to-
gether, CePMR-1 is expressed in hypodermal seam cells, intes-
tinal cells and spermatheca and male gonad (data not shown);
subcellularly it is localized at Golgi complex.
3.2. PMR-1 knock-down animals are sensitive to Ca2+ deﬁcient
and Mn2+ enriched-condition
In order to investigate in vivo function of CePMR-1, we per-
formed RNAi injection and then examined the brood size, life
span, developmental defect, male fertility, survival and growth
rate of the progeny of injected worms. However, these worms
showed no obvious defects and were indistinguishable from the
controls which were injected with dsRNA of gfp on regular
NGM plate. The lifespan of pmr-1 RNAi treated animals
was not signiﬁcantly diﬀerent from that of control animals
(Fig. 2A). When the control transgenic worms expressing
CePMR-1-GFP were treated with gfp RNAi, the GFP expres-
sion was completely abolished indicating that RNAi silencing
was eﬃcient (Fig. 1K). Therefore, this failure to show any
obvious phenotype after RNAi treatment is not likely due to
the ineﬃcient RNAi.
Since CePMR-1 is a Ca2+/Mn2+ ATPase pump [6], we rea-
soned that the knock down of pmr-1 will make the worm
hypersensitive to Ca2+ chelator, EGTA and Mn 2+ stress.
In order to test this idea, we grew the worms on plates con-
taining either 20 mM EGTA or 20 mM MnCl2 and scored
the survival rate. Upon growing on plates containing
20 mM EGTA, the survival rate of pmr-1 RNAi treated
worms decreased up to 23% compared to control gfp RNAi
treated worms (N2, 4.4 ± 0.3 days; gfp RNAi, 4.3 ± 0.2 days;
pmr-1 RNAi, 3.3 ± 0.3 days; Fig. 2B). Similarly, the survival
rate of pmr-1 RNAi worms decreased up to 32% when
grown on plates with 20 mM MnCl2 (N2: 4.5 ± 0.3 days,
gfp RNAi: 4.4 ± 0.5 days, pmr-1 RNAi: 3.0 ± 0.3 days;
Fig. 2C). These results are consistent with mutant pheno-
types observed in yeast [1].
3.3. Worms overexpressing truncated PMR-1 are also sensitive
to EGTA and MnCl2
HHD, a skin disorder, is caused by mutations in human
PMR1 homologue ATP2C1 gene. The HHD is inherited
as an autosomal dominant trait characterized by suprabasal
cell separation (acantholysis) of the epidermis [4,11]. So far,
21 mutations in ATP2C1 have been identiﬁed in HHD, of
which 6 are single amino-acid substitutions and 13 have pre-
maturely truncated products caused by frameshifts or single
base-pair substitutions. Among these mutations, the HHD-
Ko and HHD-Go kindred encode truncated ATP2C1 pro-
teins, consisting of 467 and 675 amino acids, respectively
[11]. Based on the mutations found in HHD-Ko and
HHD-Go, two truncated mutant versions of pmr-1,
CePMR-1-Ko and CePMR1-Go were constructed (Fig.
3A) and overexpressed in wild type worms. Interestingly,
worms overexpressing mutant genes showed high sensitivity
to Ca2+ chelator EGTA and excess Mn2+ condition (Fig.
3B). Although defects in Ca2+ homeostasis of PMR1 in hu-
man result in persistent blisters and erosions of the skin, and
Mn2+ homeostasis is important for cell morphogenesis [12],
we did not observe any defects on hypodermis or cuticle
Fig. 2. Lifespan of RNAi treated worms under normal condition and
under high concentration of EGTA or MnCl2. F1 young adults from
the animals treated with indicated dsRNA were grown on normal
NGM plates, on NGM with 20 mM EGTA or 20 mM MnCl2. The
survival rates of pmr-1 RNAi worms were compared to the survival
rates of the control lines (gfp RNAi) at 20 C. Over 50 animals were
tested for each data point of single experiment and each experiment
was repeated three times.
Fig. 3. Worms overexpressing truncated forms of PMR-1 are sensitive
to EGTA and MnCl2 (A) Schematic diagrams showing the truncated
forms of CePMR-1, which correspond to the mutations of HHD-Ko
and HHD-Go. The numbers indicate the positions of amino acid
residue. (B) Young adults overexpressing indicated form of PMR-1
were grown on plates containing either 20 mM EGTA or 20 mM
MnCl2. The average survival rates of each transgenic line were
compared to that of control lines (CePMR-1-Full) every day. Over 50
animals were tested for each data point of single experiment and each
experiment was repeated three times.
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sion of truncated PMR-1 showed similar EGTA and MnCl2
sensitivity observed in pmr-1 knock down animals (by
RNAi) suggests that mutated CePMR-1 could function in
a dominant negative manner.
Taken together, these results show that PMR1 in C. elegans
is important for the regulation of Ca2+ and Mn2+ ions and
demonstrated that the disease model of human HHD could
be experimented in a simple model organism, C. elegans.3.4. PMR-1 knock-down animals are resistant to oxidative stress
Mutations in the sod1 gene encoding Cu/Zn superoxide dis-
mutase (SOD1) are sensitive to oxygen, but mutation in the
pmr1 gene is known to suppress this oxygen sensitive defect
of SOD deﬁcient yeast cells [5]. In the Dpmr1 Dsod1 double
mutant, Mn2+ accumulates in cytosol at 4–5-fold higher levels
than normal [13]. The Mn2+ not only functions as a cofactor
for the most antioxidant enzymes like catalases, superoxide
dismutase (SOD) and peroxidases but also acts as a scavenger
of superoxide radicals by itself [10,14,15]. In order to evaluate
the protective role of pmr-1 deﬁciency against oxidative stress,
we examined the eﬀects of 2 mM paraquat on animals treated
with pmr-1 RNAi. On regular NGM plates, pmr-1 RNAi ani-
mals showed comparable lifespan to those of wild type and gfp
RNAi treated worms (Fig. 2A). However, on plate containing
2 mM paraquat, pmr-1 RNAi treated worms and gfp RNAi
treated worms responded diﬀerently to the oxidative stress
condition. Interestingly, the pmr-1 RNAi treated worms
showed dramatically increased paraquat resistance (survival
rate increased up to 39%) compared to gfp RNAi treated
animals (Fig. 4A). Generally, reactive oxygen species (ROS)-
resistant mutant shows extended lifespan but pmr-1 RNAi
animals showed similar lifespan with that of wild type under
normal condition. It could be explained by the fact that the
pronounced perturbation of Mn2+ homeostasis could have
overshadowed the otherwise protective function conferred by
pmr-1 knock down. Indeed, high concentration of cytosolic
Mn2+ is toxic and can interfere with Mg2+ binding sites on en-
zymes and low Mn2+ in the Golgi/ER lumen fail to glycosylate
proteins [3].
Another yeast superoxide dismutase SOD2, which encodes a
mitochondrial manganese superoxide dismutase, requires man-
ganese as a cofactor. Therefore, cells lacking Mn2+ trans-
porter, Smf2p, which delivers Mn2+ to SOD2 in
mitochondria, exhibit defects in the antioxidant function of
SOD2 but not in SOD1. However, elevating intracellular man-
Fig. 4. Survival rates of pmr-1 RNAi treated animals under oxidative
stress. Wild type worms were grown on plates containing 2 mM
paraquat at 20 C. The survival rates of gfp RNAi, pmr-1 RNAi, smf-3
RNAi and smf-3; pmr-1 double RNAi, treatment are shown (A). Either
daf-16(m26) or daf-2(e1370) worms were injected with gfp dsRNA or
pmr-1 dsRNA, as indicated (B). Over 50 animals were tested for each
data point of single experiment and each experiment was repeated
three times.
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fect in response to the oxidative damage in yeast [15]. In order
to test whether such functional link does exist in C. elegans as
well, we identiﬁed C. elegans counterpart of yeast smf-2 (smf-3;
Y69A2AR.4) and performed RNAi experiment for smf-3. The
smf-3 RNAi treated worms became highly sensitive to oxida-
tive stress. However, simultaneous knock down of pmr-1 could
eﬀectively increase the survival rate of smf-3 RNAi worms to
the level of wild type worms (Fig. 4A), indicating that similar
mechanism of Mn2+ homeostasis is indeed conserved in
C. elegans.
An evolutionarily conserved insulin/IGF-1 signaling path-
way regulates the lifespan of many organisms including C. ele-
gans [16–18]. Animals carrying mutations in daf-2, which
encodes insulin/IGF-I receptor, live twice longer than wild
type worms [19], and this life extension depends on the FOXO
transcription factor, DAF-16, which is a powerful regulator of
C. elegans lifespan. Murphy et al. [20] found downstream
genes of daf-16 that inﬂuence the lifespan of C. elegans by
using DNA microarray analysis. Interestingly, antioxidant en-
zymes – catalases ctl-1 and ctl-2, and superoxide dismutasegene, sod-3 – were positively regulated by DAF-16 [20]. In or-
der to investigate whether pmr-1 knock down aﬀects the sur-
vival rate of insulin/IGF-1 signaling pathway related mutant,
we performed pmr-1 RNAi on daf-16 and daf-2 mutants.
DAF-16 mutants treated with gfp RNAi (control) were sensi-
tive to oxidative stress; however pmr-1 RNAi treatment in-
creased the survival rate of daf-16 up to 25% (Fig. 4B daf-16,
1.9 ± 0.2 days, daf-16; pmr-1 RNAi; 2.4 ± 0.3 days). In con-
trast, there was no change in the survival rate of daf-2, daf-2;
gfp RNAi (control), and daf-2; pmr-1 RNAi worms. Knock
down of pmr-1 did not increase the survival rate of daf-2 mu-
tant (Fig. 4B). DAF-16 positively regulates many stress de-
fense enzymes including ROS-defense enzymes and hence
daf-16 null mutants are highly sensitive to the paraquat stress.
It seems that cytosolic Mn2+ abnormally accumulated in pmr-1
knock down worms, suppressed the high sensitivity of daf-16
animals to paraquat by acting as a ROS scavenger by itself
as well as by activating antioxidant enzymes. Taken together,
our data suggest that C. elegans PMR1 has important roles
in Ca2+ and Mn2+ homeostasis and oxidative stress response.
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